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Abstract

Char goal for this experiment was to demonstrate vielation of Bell's mequalties. This was accomplished
by producing two polarization entangled photons via spontaneons parametric down-conversion using two
type 1 beta bariom borate crystals. With polarizera placed im front of two avalanche photodiodes, we
obaerved how the alinment of the polanzers affected the nombser of obscrved photon pairs coincident.
on the photodiodes. The data obtained in this way was wwed to constroct the S value described by
the Clamser-Horne-Shimony-Holt imequality. This inequoality states that & 8 no greater than 2, but we
obacrved a value of 5 = 2064, Thus, we demonstrated violation of a Bell's inequality, refuting the familby
of local realist theoriea of quantum mechanica.

1 Background

In quantum theory, two particles are considered entangled if their state 15 not separable: [$92) # |[$) @ |$2).
The state of an entanglesd particle cannot be specthed without referenee to the other particle. By the
Copenhagen interpretation of guantum mechanios, when the state of one entangled particle 15 messored, the
wave function collapses and the state of the other particle 15 also determaned. Such a collapse 15 supposcdly
imstantancous, and this dea of 2 non-local effect historcally led to objections from detractors who preferred
that quantum mechanies be deseribed by a more clasical local hidden vanable theory.

To illustrate the diference in these view points, consider the case of Bertlmann and his socks, as posoed
by Bell, Bertlmann always woears diferent colored socks. IF yon observe that be has a pink sock on one foot,
vou know the other sock he s weanng s not pink, and thes mformation 15 gained instantly without necding
to observe the other sock.

Contrast Bertlmann’s socks with the case of entangled parteles,  In guantum mechames, entanglod
particles are treated as being in a superposition of posable states. We cannot be cortain of what state we
will measure a particle as being in, and by the Copenbagen interpretation, we cannot even speak moeanimgfully
of & definite state measurement result boecanse the state of cach particle s undetermined prior to observation.
Upon observation the state of both particles collapes: instantly to a single state. This dilfers from the case of
Bertlmann in two crucial ways: 1) Berthinann was wearing a pink sock regardless of whether you observed his
socks or not and 2) the observation of Berthnann wearing one pink sock did not affeet the color of the other
sock[l]. In particular, the concept that an observation of one particle state could instantly alter the state of
another particle regardless of spatial separation provides the basis for the objection to quantum mechanical
formalism given by Einstein, Poldolsky, and Rosen[2], who disputed the existenee of such a “spooky action
at a distance™[3].

Boell's mmeqgualitios are signibcant i that they allow cxpoernimental testing of the opposing guantum and
classacal interpretations. A Bell's meqguality s stmply a mathematical meguality derived by ssssmings locality
and conterfactual debniteness, conterfactual debimtencss referring to the realist view that the state of particles
are determined by some hidden vanables that give 8 measurement of the state a debnite nesult. Bell's
megualitics can be caloulated for classical guantities, bot inegualities for classical examples are obvioosly
uphecld and therefore not of great imterest. Soch inegualities suddenly beoome interesting when considenng
quantum cases, where it is predicted and observed that these inequalities are violated[4]. Observed violation



of Bell’s mmequalities leads to the conclusion that a local realist theory cannot be usoed to reprodoce all of the
prodictions of quantum mechanies, as stated by Bell's theorem[5)].

2 Theory

The Bell’s incquality relevant to this experiment is the Clanser-Horne-Shimony-Holt(CHSH) incquality 6]
First, consider two polarization entangled particles, in the state | g ?'E“V},ll-’:l-l I |H}s|H)), where
V and H refer to vertical and horpsontal conbepurations and s and 1 are the hstorcal way to label photons
produced by spontancous parametric down-conversion. This state 15 ivanant regardless of cholee of polar-
peation basis. To show this, consider a rotation by an angle o, so0 we will make use of the rotated basis states

of |Va) = cosfea)|V) | sinfa) | H) and |H.) sinfex)|V) | cos(e)|[H). In this basis,
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Figure 1: Outline of the thought expernmment. Polarzzation entangled photon paars are contted from a soures,
pass through polarsers and are received by a detector.

Consider now measuring the polarisation of these photons, As outhned i Figoaee 1, imagine situating
two detectons so that cach detector will receive one of the entangled photons, and then imagine placing a
polarizer in front of cach detector, one polarser rotated to the arbatrary angle o, the other to the angle 5.
The probability that both photons are vertical in the bases of their rospective polarizers s
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Similarly, the probabilities for other polarzation measarements arc

Pirar(ex, B) = éc:c:—:"{u )
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Py (e, B) = %:—iinl{u H).

Defining N, 4) as the number of coincident photon counts when the polarizers are aligned at angles o
and &, 1t 15 obwvious that

Pvvie ) = g
P, ) = ”E;;;iﬂ
Pyyr(e, 8) = %
Prv(e, 8) = %

whoere ) = e | 907 and 8 = F | M°. Nygtar refers to the total number of coincident pairs detected:
Neratat = N, 8) | Niex) , 81) | N, 81 ) | Niexy , 8). Knowing this, it is casy to measure the probabilitics
Pyvv, P, vte. by simply messuring the nnmber of coineident photon pairs detected when the polarnsers
are alipned appropriately.

Consider now the correlation foanction

Elee,8) = Pyv | Py Pen  Pnv
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With this quantity 1 mind, we can make nse of the Classer-Horne-Shomony-Holt imegquality.
The Claser-Horne-Shimony-Holt ({CHSH) inequality concerns the quantity 8 defined as

5 = |E(a,b) E(a,b')] | |E(d’,b) | E{a',t)|.



